Dishonesty is an integral part of our social world, influencing domains ranging from finance and politics to personal relationships. Anecdotally, digressions from a moral code are often described as a series of small breaches that grow over time. Here we provide empirical evidence for a gradual escalation of self-serving dishonesty and reveal a neural mechanism supporting it. Behaviorally, we show that the extent to which participants engage in self-serving dishonesty increases with repetition. Using functional MRI, we show that signal reduction in the amygdala is sensitive to the history of dishonest behavior, consistent with adaptation. Critically, the extent of reduced amygdala sensitivity to dishonesty on a present decision relative to the previous one predicts the magnitude of escalation of self-serving dishonesty on the next decision. The findings uncover a biological mechanism that supports a 'slippery slope': what begins as small acts of dishonesty can escalate into larger transgressions.
Many dishonest acts are speculatively traced back to a sequence of smaller transgressions that gradually escalated. From financial fraud to plagiarism, online scams and scientific misconduct, deceivers retrospectively describe how minor dishonest decisions snowballed into significant ones over time [1] [2] [3] [4] . Despite the dramatic impact of these acts on economics 5, 6 , policy 7 and education 8 , we do not have a clear understanding of how and why small transgressions may gradually lead to larger ones. Here, we set out to empirically demonstrate dishonesty escalation in a controlled laboratory setting and examine the underlying mechanism.
People often perceive self-serving dishonesty as morally wrong 9 and report uneasiness when engaging in such behavior 10 . Consistent with these reports, physiological 11 and neurological 12 measures of emotional arousal are observed when people deceive. Blocking such signals pharmacologically results in significant increases in dishonesty. For example, in one study students who had taken and responded to a mild sympatholytic agent were twice as likely to cheat on an exam as those who took a placebo 13 . Thus, in the absence of an affective signal that can help curb dishonesty, people may engage in more frequent and severe acts.
A large body of research demonstrates that the response to an emotion-evoking stimulus weakens with repeated exposure 14, 15 . For example, both affective ratings of negative images and amygdala activation in response to those images have been shown to decrease with each subsequent presentation of the images 16 . It is thus possible that the affective signal that accompanies self-serving dishonesty also diminishes with repetition. If indeed signals that may help curb dishonesty are diminished over time, dishonest acts could increase. Thus, what begins as small deviations from a moral code could escalate to large deviations with potentially harmful consequences.
To test for dishonesty escalation and its underlying neurological mechanism, we combined brain imaging with a behavioral task in which individuals were given repeated opportunities to act dishonestly. We used Neurosynth, a platform for large-scale automated synthesis of thousands of functional magnetic resonance imaging (fMRI) studies 17 , to identify voxels within the brain that have been previously associated with emotion. Unsurprisingly, this map predominantly, but not exclusively, identified the amygdala. The amygdala responds to various emotion-eliciting situations, with stronger activity related to more potent experiences (for example, refs. [18] [19] [20] [21] [22] , and research in nonhuman animals also demonstrates that the amygdala is critical for emotion (for example, ref. 23 ). Our goal was to examine whether dishonesty escalates over time, whether response to dishonesty in the region identified above decreases over time and whether the extent of decrease in the latter predicts the extent of escalation of the former.
Testing realistic deception in a brain-imaging scanner is notoriously difficult, as participants need to repeatedly, deliberately and voluntarily act dishonestly in a social context without being required to admit to their dishonesty. Our model enabled participants to do just that, while also allowing us to quantify deception on a trial-bytrial basis. Specifically, we adapted a two-party task used previously to elicit and measure dishonesty 24 . Participants advised a second participant, played by a confederate, about the amount of money in a glass jar filled with pennies ( Fig. 1a) . We changed the incentive structure over the course of two experiments such that dishonesty about the amount of money in the jar would either benefit the participant at the expense of their partner (Self-serving-Other-harming, Experiment 1), benefit both (Self-serving-Other-serving, Experiment 1), benefit the partner at the expense of the participant (Self-harming-Otherserving, Experiment 1), benefit the participant only without affecting the partner (Self-serving, Experiment 2) or benefit the partner only without affecting the participant (Other-serving, Experiment 2). Importantly, the participants believed that their partner was not aware of this incentive structure but thought that they were working together at all times to provide the most accurate estimate, which would benefit them both equally. A baseline condition enabled us to infer the amount of dishonesty on each trial without the participant being instructed to act dishonestly or required to admit to dishonesty. 1 7 2 8 VOLUME 19 | NUMBER 12 | DECEMBER 2016 nature neurOSCIenCe a r t I C l e S Specifically, in this condition, neither the participant nor the partner would benefit from the participant's dishonesty. Here honest, accurate, advice was the best policy to maximize rewards for all (see Online Methods for details). Because the different jars were repeated under all conditions, the baseline condition enabled us to estimate how much money the participant thought there was in a specific jar and thus the approximate amount by which a participant was dishonest in the other conditions.
We designed an incentive structure such that adaptation to dishonesty could not be explained by adaptation to reward. Specifically, participants were told that the available reward would vary on each trial. Thus, while on a specific trial a larger magnitude of dishonesty was more likely to result in greater gains, greater dishonesty on that trial relative to the previous one would not necessarily correspond to greater returns (Online Methods). Moreover, neither the amount available nor the outcome of the trial would be disclosed at any point during the experiment. In other words, the participants were informed in advance that no feedback would be provided. In addition, participants were told that rewards would not accumulate but rather that one trial would be selected at random at the end of the experiment and the participant would be paid according to that trial. We went to great lengths to explain the reward structure to the participants and to ensure their comprehension by using a quiz with example trials before the beginning of each block of trials.
RESULTS

Self-serving dishonesty escalates
We observed clear evidence of escalation in self-serving dishonesty, such that the magnitude of dishonesty got larger and larger over the course of a block. For each participant (n = 55) we regressed dishonesty on trial number and examined standardized regression coefficients at the group level. Entering these scores into a repeatedmeasures ANCOVA (controlling for initial levels of dishonesty and whether the participant was completing the study inside or outside the scanner) revealed a significant effect of condition (F 2,49 = 4.65, P = 0.014; Fig. 1b ). This was due to dishonesty increasing over time if it was self-serving (Self-serving-Other-harming: t 52 = 3.38, P = 0.001; Self-serving-Other-serving: t 52 = 2.25, P = 0.03) but not otherwise (Self-harming-Other-serving: t 52 = −0.27, P = 0.79). Escalation was significantly greater when dishonesty was self-serving than self-harming (Self-serving-Other-harming compared to Self-harming-Otherserving: F 1,51 = 8.80, P = 0.005; Self-serving-Other-serving compared to Self-harming-Other-serving: F 1,51 = 4.61, P = 0.037).
We further demonstrated this escalation by averaging the amount of dishonesty on each trial (N = 60) across participants (n = 55) and correlating with trial number. This correlated positively when dishonesty was self-serving (Self-serving-Other-harming: r 58 = 0.66, P < 0.001; Fig. 1c ; and Self-serving-Other-serving: r 58 = 0.83, P < 0.001; Fig. 1d ). In contrast, when dishonesty was self-harming and accuracy was in fact the self-serving choice, a trend in the opposite direction was observed over the course of trials (Self-harming-Other-serving: r 58 = −0.23, P = 0.08; Fig. 1e ), which was significantly smaller than the escalations of self-serving dishonesty (compared to Self-serving-Other-harming: z = 4.83, P < 0.001; compared to Self-serving-Otherserving: z = 7.13, P < 0.001).
Dishonesty magnitude
While the focus of this investigation was escalation of dishonesty over time rather than its average magnitude, for completeness we report the latter here. Entering participants' dishonesty magnitude into a one-way repeated-measures ANOVA (controlling for study) revealed a significant effect of condition (F 2,52 = 24.17, P = 0.0001; Supplementary Fig. 1a ). Participants' dishonesty was greater when dishonesty was self-serving (mean magnitude of Self-serving-Other-harming dishonesty = 7.11, s.d. = 9.61; mean magnitude of Self-serving-Other-serving dishonesty = 12.84, s.d. = 15.46) than when it was self-harming (mean magnitude of Self-harming-Otherserving dishonesty = −0.16, s.d. = 2.99; respective comparisons: F 1,53 = 26.44, P < 0.001; F 1,53 = 39.67, P < 0.0001). Dishonesty magnitude was also greater when dishonesty served the self and the other than when it only served the self (F 1,53 = 7.72, P = 0.008). Entering participants' starting dishonesty into a one-way repeated-measures ANOVA (controlling for study) revealed a significant effect of condition (F 2,52 = 12.11, P < 0.001; Supplementary Fig. 1b ). Participants' starting dishonesty was greater when dishonesty was self-serving than when it was self-harming (Self-serving-Other-harming versus Self-harming-Other-serving: F 1,53 = 7.74, P = 0.007; Self-serving-Other-serving versus Self-harming-Other-serving: F 1,53 = 21.99, P < 0.001). Starting dishonesty was also greater when dishonesty served the self and the other compared to when it only served the self (F 1,53 = 8.84, P = 0.004). In all conditions, participants' average estimates (Self-serving-Other-harming: t 54 = −43.91, P < 0.001; Figure 1 Procedure and dishonesty escalation. (a) Participants were presented with pictures of glass jars containing different amounts of one-penny coins and entered their advice regarding how much money is in the jar. They were led to believe this advice was relayed to the Estimator via connected computers. (b) The magnitude of dishonesty increased over the course of the block when it benefited the self but not otherwise. This was evident when regressing dishonesty on trial number for each participant (n = 55) for each condition and then entering these escalation betas in a linear model across participants controlling for starting dishonesty and study (Self-serving-Other-harming: t 52 = 3.38, P = 0.001; Self-serving-Other-serving: t 52 = 2.25, P = 0.03; Self-harming-Other-serving: t 52 = −0.27, P = 0.79). Dishonesty escalation was greater when it benefited the self than not (Self-serving-Other-harming vs. Self-harming-Other-serving: F 1,51 = 8.80, P = 0.005; Self-serving-Other-serving vs. Self-harming-Other-serving: F 1,51 = 4.61, P = 0.037; Self-serving-Other-harming vs. Self-serving-Other-serving: F 1,51 = 0.183, P = 0.670; statistics reported for ANCOVAs on regression coefficients with condition as a two-level repeated factor, controlling for study and initial levels of dishonesty). (c-e) Averaging mean dishonesty across participants on every trial and correlating with trial number (N = 60 trials) in each condition also revealed significant escalation when dishonesty was self-serving but not otherwise (Self-serving-Other-harming: r 58 = 0.66, P < 0.001; Self-serving-Other-serving: r 58 = 0.83, P < 0.001; Self-harming-Other-serving: r 58 = −0.23, P = 0.08). Error bars represent s.e.m.; n.s., nonsignificant; *P < 0.05. a r t I C l e S Self-serving-Other-serving: t 54 = −24.54, P < 0.001; Self-harming-Other-serving t 54 = −158.97, P < 0.001; one-sample t-tests) and last estimates (Self-serving-Other-harming: t 54 = −37.58, P < 0.001; Selfserving-Other-serving: t 54 = −21.37, P < 0.001; Self-harming-Otherserving t 54 = −120.34, P < 0.001; one-sample t-tests) were significantly lower than ceiling. Thus, participants always had an opportunity to lie more than they actually did if they wanted to.
Dishonesty without escalation occurs when it benefits a partner without affecting self In the Self-harming-Other-serving condition, participants on average did not act dishonestly, presumably because dishonesty in this condition would hurt their pay. It is thus feasible that escalation was not evident in this condition simply because dishonesty was nonexistent. To examine this possibility and tease apart the contributions of self-interest and other-interest in escalating dishonesty, we conducted a follow-up study (n = 25 subjects) in which we presented two new conditions in addition to the baseline condition. In the condition of interest, dishonesty only benefitted the self without affecting the other participant (Self-serving); in the comparison condition dishonesty would only benefit the partner without benefiting or hurting the self (Other-serving). Each of these two conditions were run twice in two separate blocks, thus creating four counterbalanced blocks in total: in one block over-estimating the amount of money in the jar would benefit the participant only; in another it would benefit the partner only; in a third block underestimating the amount of money would benefit the participant only; and in a fourth it would benefit the partner only. We added the underestimation blocks in this follow-up study so that the results could be generalized beyond one specific set of instructions. While initial levels of dishonesty did not differ between conditions (F 1,24 = 1.24, P = 0.28; Fig. 2a ), escalation of dishonesty did ( Fig. 2c) . Specifically, entering escalation betas into a 2 by 2 (Self-serving versus Other-serving by underestimation versus overestimation) ANCOVA (controlling for starting dishonesty) revealed a main effect of condition (F 1,20 = 7.55, P = 0.01), which was characterized by the presence of escalation in the Self-serving condition (overestimate: t 23 = 2.66, P = 0.01; underestimate: t 23 = 2.66, P = 0.01) but not the Other-serving condition (overestimate: t 23 = 0.85, P = 0.40; underestimate: t 23 = 0.56, P = 0.58). There was no main effect of overestimating versus underestimating (F 1,20 = 0.08, P = 0.78) or any interaction (F 1,20 = 0.26, P = 0.62). Mean dishonesty tended to be larger in the Self-serving condition than the Other-serving condition (F 1,24 = 3.50, P = 0.07; Fig. 2b ). Escalation of self-serving dishonesty was also significantly greater than escalation of other-serving dishonesty when mean dishonesty was added as a covariate to the ANCOVA described above (main effect of condition: F 1,16 = 5.47, P = 0.01).
These results suggest that the rate at which dishonesty escalates is best explained by self-interest. Furthermore, escalation of dishonesty cannot be attributed to factors such as reduced or enhanced attention or tiredness over the course of the block nor to a simple tendency to give larger estimates (i.e. to overestimate) or smaller estimates (i.e. to underestimate) over time, as we did not see an escalation of dishonesty when dishonesty benefitted only the partner. While 45% of participants reported in the debriefing questionnaire that they believed the aim of the study was to examine dishonesty or trust ( Supplementary  Table 1 ), there were no differences in behavior between these participants and the rest in mean dishonesty (Experiment 1: Self-serving-Other-harming: t 53 = 0.41, P = 0.69; Self-serving-Other-serving: t 53 = 1.02, P = 0.31; Self-harming-Other-serving: t 53 = −1.07, P = 0.29; independent-sample t-test; Experiment 2: Self-serving: t 23 = 0.76, P = 0.46;
Other-serving: t 23 = 1.71, P = 0.10; independent-sample t-test) or dishonesty escalation (Experiment 1:Self-serving-Other-harming: t 53 = −0.65, P = 0.52; Self-serving-Other-serving: t 53 = 0.61, P = 0.54; Self-harming-Other-serving: t 53 = 0.91, P = 0.37; independent-sample t-test; Experiment 2: Self Serving: t 23 = 1.68, P = 0.11; t 23 = 0.93, P = 0.36; independent-sample t-test). No participant reported that they believed the aim was to examine escalation of dishonesty. Our behavioral findings revealed that self-serving dishonesty escalated over the course of the block. Next, we turned to our fMRI data to ask whether the amygdala's response to dishonesty diminishes over time and whether the extent of this reduction predicted, on a trial-by-trial basis, subsequent escalation of dishonesty.
Amygdala response to dishonesty is reduced over time Past studies of adaptation examined blood-oxygen-level dependent (BOLD) signal reduction in response to a repeated constant variable such as an angry face 14, 15 . In contrast, here we examined adaptation in response to an escalating noisy variable, analogous to a face that tends to get angrier over time. Thus a signature of adaptation would not simply index reduced brain activity over time; rather, it should scale simultaneously with trial number and dishonesty magnitude.
The assumption here was that the same amount of dishonesty should generate a larger BOLD response if it occurred early in the block than if it occurred later (i.e., after adaptation had taken place). Thus, we constructed a time-weighted dishonesty regressor, which modulated BOLD signals when participants were presented with the jar. Note that we use the word 'time' to refer to the number of past trials in a block and not to absolute time elapsed. This regressor scaled dishonesty by how far through the block participants were, such that dishonesty early on in the block received a larger weight relative to dishonesty that occurred later. We controlled for the independent effects of time Self-serving (no effect on other) Other-serving (no effect on self) Figure 2 Replication and extension study. (a) Initial level of dishonesty across participants (n = 25) was greater than 0 when Other-serving (t 24 = 3.11, P = 0.01, one-sample t-test versus 0) but not when Self-serving (t 24 = 0.92, P = 0.37, one-sample t-test vs. 0) and did not differ between conditions (F 1,24 = 1.24, P = 0.28, repeated-measures ANOVA). (b) Mean dishonesty over the course of the block was greater than zero when Other-serving (t 24 = 2.11, P = 0.046, one-sample t-test vs. 0) and when Self-serving (t 24 = 3.78, P = 0.001, one-sample t-test vs. 0) and did not differ across conditions (F 1,24 = 3.50, P = 0.07, repeated-measures ANCOVA). (c) Escalation of dishonesty was significant when Self-serving (analysis conducted as in Fig. 1b ; t 23 = 4.53, P < 0.001) but not when Other-serving (t 23 = 1.62, P = 0.12) and greater in the former condition than the latter (F 1,20 = 7.55, P = 0.01, repeated-measures ANCOVA, controlling for starting dishonesty). Error bars represent s.e.m.; *P < 0.05; n.s., nonsignificant; n.s.t., nonsignificant trend.
a r t I C l e S and dishonesty by entering them as two separate parametric regressors in the model (Online Methods).
As the behavioral results demonstrated that dishonesty is driven both by considerations for self and other but its escalation is driven only by whether dishonesty benefits or hurts the self, we focused our fMRI analysis on the two cases in which the benefit of dishonesty was confined to either the self or the other (i.e., the Self-serving-Other-harming condition and the Self-harming-Other-serving condition). Our region of interest (ROI) was defined by generating a map in Neurosynth, a metaanalysis based on 11,406 studies, reflecting P(Emotion|Activation), the likelihood that the term 'emotion' was used in a study given the presence of reported activation in a particular voxel, thresholded at z = 5 (note that the results were robust and observed for maps generated using different thresholds). The map reflected the relative selectivity with which voxels activate in relation to the term 'emotion' using a comparison between all the studies in the database that contained the term and all those that did not (for method details see ref. 17 ). The ROI generated was predominately, but not exclusively, confined to bilateral amygdala ( Fig. 3a) . Parameter estimates (n = 25 subjects) of time-weighted dishonesty were then averaged across all voxels in this ROI. This revealed a significant positive effect when dishonesty was self-serving (t 24 = 2.36, P = 0.027; one-sample t-test versus 0) but not when it was self-harming (trend in opposite direction: t 24 = −1.93, P = 0.066; one-sample t-test versus 0) with the parameter betas significantly larger for the former than for the latter (t 24 = 2.96, P = 0.007; paired-sample t-test; Fig. 3b ). Repeating this analysis only on those ROI voxels that were anatomically within the amygdala also generated significant positive results (Self-serving: t 24 = 2.68, P = 0.01; Self-harming: t 24 = −0.9, P = 0.38; Self-serving versus Selfharming: t 24 = 2.60, P = 0.02; Supplementary Fig. 2a ). Note that simply looking at average BOLD response within the ROI over all trials (without taking into account the effect of time-weighted dishonesty) did not reveal positive effects in either of the conditions anywhere in the ROI.
The effects were not due to BOLD response simply decreasing over time, since the model controlled for the independent effect of time by including this as the first regressor. Furthermore, examining the effects of the time regressor (rather than time-weighted dishonesty) did not reveal significant effects in the ROI (Self-serving: t 24 = 0.08, P = 0.94; one-sample t-test versus 0; Self-harming: t 24 = 1.31, P = 0.20; one-sample t-test versus 0; Self-serving versus Self-harming: t 24 = −0.85, P = 0.40; paired-sample t-test). The fact that activity in the ROI did not simply decrease over time, as well as the fact that our effects remained significant after controlling for time, suggests that the findings are unlikely to be explained by a reduction of attention or engagement over time. Together, these results showed BOLD responses consistent with adaptation to self-serving dishonesty in regions that have been previously associated with emotion.
Reduction in amygdala response to self-serving dishonesty predicts its escalation Next, we ask whether reduction in the neural response to dishonesty in our ROI predicted the escalation of dishonesty. More precisely, we asked whether the reduction of response in the ROI to one 'unit' of dishonesty on a present trial relative to the previous trial predicted escalation of dishonest behavior on the following trial ( Fig. 4a) .
To that end, we first computed BOLD response per £1 of dishonesty (BOLD/dishonesty) for each subject and trial. We then calculated the reduction of this term on trial (t) relative to the previous trial (t − 1), i.e., BOLD t − 1 /dishonesty t − 1 − BOLD t /dishonesty t . We then separately calculated the increase in behavioral dishonesty on the subsequent trial (t + 1) relative to trial t. For each subject we then used BOLD signal reduction per one unit of dishonesty on trial t as a predictor of escalation of dishonesty on trial t + 1 in a general linear regression ( Fig. 4b shows an example subject).
Across participants (n = 25), these betas revealed a significant positive effect when dishonesty was Self-serving (t 24 = 2.48, P = 0.021; one-sample t-test versus 0) but not when it was Self-harming (t 24 = −1.53, P = 0.14; one-sample t-test versus 0) with the former betas larger than the latter (t 24 = 2.82, P = 0.01; paired-sample t-test, Fig. 4c) . In other words, the greater the reduction in BOLD response to one unit of self-serving dishonesty on the current trial relative to the previous one, the greater the participant's next self-serving lie. When repeating this analysis only on those voxels that were also in the anatomically defined amygdala, the results were very similar (Self-serving: t 24 = 2.30, P = 0.03; Self-harming: trend in opposite direction: t 24 = −1.77, P = 0.09; Self-serving versus Self-harming: t 24 = 3.05, P = 0.01; Supplementary Fig. 2b) .
Permutation test
As a check for the robustness of this result, we reran this analysis 1,000 times, each time mismatching one participant's fMRI data with another participant's behavioral data. Over 95% of these iterations failed to generate a main effect of self-serving dishonesty, a main effect of other-serving dishonesty or a significant difference between self-serving and self-harming dishonesty. This suggests that BOLD reduction to dishonesty in a particular subject selectively predicts the escalation of dishonesty in that subject and not another subject. were averaged across all voxels in an ROI generated from Neurosynth based on a meta-analysis of 11,406 studies, reflecting P(Emotion|Activation). Higher z-scores (lighter colors) indicate higher likelihood that the term 'emotion' was used in a study given that a voxel was activated (see ref. 17 for method details), suggesting stronger selective association between that region and emotion 17 . ROI predominantly consists of bilateral amygdala. (b) A significant positive effect of time-weighted dishonesty was revealed when dishonesty was Self-serving-Other-harming (t 24 = 2.36, P = 0.027, one-sample t-test vs. 0) but not when it was Self-harming-Other-serving (trend in opposite direction: t 24 = −1.93, P = 0.066, one-sample t-test vs. 0), with the former significantly larger than the latter (t 24 = 2.96, P = 0.007, paired-sample t-test). Repeating this analysis restricting the ROI to voxels in the anatomically defined amygdala revealed the same pattern of results ( Supplementary Fig. 2a ). n = 25; error bars represent s.e.m.; *P < 0.05; n.s., nonsignificant. a r t I C l e S Other brain regions Finally, we tested whether the pattern of results observed above generalized to additional brain regions that play a role in other aspects of deception. This was done post hoc. First we looked at the nucleus accumbens, the region most strongly implicated in response to positive stimuli 17, 25, 26 . As detailed in Supplementary Table 2 , there was no evidence for nucleus accumbens BOLD signal adaptation to self-serving dishonesty in this task. Next, we examined the dorsolateral prefrontal cortex, which is thought to be associated with cognitive control 27, 28 and has previously been observed to be active in dishonesty tasks 29, 30 . Again, no evidence for BOLD adaptation to self-serving dishonesty was observed ( Supplementary Table 2 ).
Finally, we examined the anterior insula, which is suggested to play a role in dishonesty 31, 32 and negative affect 33 , though less consistently and robustly than the amygdala 17 . As detailed in Supplementary Table 2 there was indication of BOLD signal adaption to dishonesty in the anterior insula, although not as robust and consistent as that observed in the amygdala. Finally, exploratory analysis in regions outside the ROIs (thresholded at family wise error (FWE) P < 0.05, cluster size (K) > 5 voxels) did not reveal additional effects of time weighted dishonesty.
DISCUSSION
Dishonesty significantly impacts our personal lives 9 and public institutions 34 . Here we provide empirical evidence that dishonesty gradually increases with repetition when all else is held constant (see ref. 35 for dishonesty escalation in response to escalating rewards). This experimental result is consistent with anecdotal observations of small digressions gradually snowballing into larger ones [1] [2] [3] [4] 36 . Our results also offer a mechanistic account of how dishonesty escalates, showing that it is supported by reduced activity in brain regions previously associated with emotion, predominantly the amygdala. Across individuals, the extent of BOLD signal reduction per one unit of dishonesty on a present decision relative to the previous predicted escalation of dishonesty on the next decision. This result ties diminished amygdala sensitivity to dishonesty escalation, with the former preceding the latter.
We focused our investigation a priori on brain regions previously associated with emotion using Neurosynth (ref. 17 ). The map generated predominantly identified the amygdala, consistent with studies in nonhuman animals and in human patients with damage to the amygdala, which have shown this region to play a key role in signaling, processing and assessing arousal and emotion 17, 37, 38 . With deference to the caution necessary when making reverse inference 39 , we speculate that the blunted response to repeated acts of dishonesty may reflect a reduction in the emotional response to these decisions or to their affective assessment and saliency. While the amygdala can also signal positive emotion, this interpretation is less likely as the region most associated with positive affect, the nucleus accumbens, did not reveal a similar pattern of results. The current interpretation is in accord with a previous suggestion that the amygdala signals the rate of averseness to immoral acts 40 .
Our results also suggest that dishonesty escalation is contingent on the motivation for the dishonest act. Specifically, while the magnitude of dishonesty was driven by considerations of benefit both to the self and to the other, the escalation of dishonesty, as well as the amygdala's response to it over time, was best accounted for by whether dishonesty was self-serving. When participants were dishonest for the benefit of someone else, dishonesty at a constant rate was observed. This is consistent with the suggestion that the motivation for acting dishonestly contributes to its affective assessment, such that when a person engages in dishonesty purely for the benefit of another it may be perceived as morally acceptable 41 . Thus, the simple act of repeated dishonesty is not enough for escalation to take place: a self-interest motive must also be present.
While here we observed escalation of decisions that involved self-serving dishonesty, we hypothesize that diminished amygdala response may have important behavioral consequences extending to other domains of decision-making. These may include, for example, escalations in risk-taking or violent behavior. Our results highlight the importance of considering the temporal evolution of both behavior and brain response in studies that involve repeated decisions. Reduction in brain response to dishonesty predicts its escalation. (a) For each participant, in each condition, reduction in BOLD response to one unit of dishonesty on a current trial relative to the previous (extracted across the ROI displayed in Fig. 3a ) is related to escalation in dishonesty on the next trial relative to the current trial. (b) Example participant shown for dishonesty in the Self-serving-Other-harming condition. (c) Across participants, these betas revealed a significant positive effect when dishonesty was Self-serving-Other-harming (t 24 = 2.48, P = 0.021, one-sample t-test vs. 0) but not when it was Self-harming-Other-serving (t 24 = −1.53, P = 0.14, one-sample t-test vs. 0) with the former betas larger than the latter (t 24 = 2.82, P = 0.01, paired-sample t-test). Repeating this analysis on an ROI restricted to voxels in the anatomically defined amygdala revealed the same pattern of results ( Supplementary Fig. 2b ). n = 25; error bars represent s.e.m.; *P < 0.05; n.s., nonsignificant.
a r t I C l e S As we were specifically interested in the effect of repeated dishonesty on its magnitude, we varied whether dishonesty was beneficial or detrimental to the participant and to the target of their deceit (the partner) but held everything else constant. For example, in our design no feedback, such as external punishment for dishonesty or praise for honesty, was provided or expected. In the real world, however, other factors will likely facilitate dishonesty escalation or halt it, including feedback, opportunity and changes in rewards and punishment 35, 42, 43 .
Taken together, our results reveal a biological mechanism that underlies the escalation of dishonesty, providing new insight into this integral part of human behavior. The results show the possible dangers of regular engagement in small acts of dishonesty, perils that are frequently observed in domains ranging from business to politics and law enforcement 3, 34 . These insights may have implications for policy makers in designing deterrents to halt deceit. Despite being small at the outset, engagement in dishonest acts may trigger a process that leads to larger acts of dishonesty further down the line.
Data availability
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Note: Any Supplementary Information and Source Data files are available in the online version of the paper.
ONLINE METHODS
Participants (experiment 1). 58 individuals aged 18 to 65 (mean age = 22.95, s.d. = 3.55; 36 women and 22 men), recruited from University College London (UCL) psychology subject pool, participated in the study. A subset of these (n = 28) undertook the experiment in an MRI scanner and the rest undertook the experiment in testing cubicles. Three MRI participants were subsequently excluded from analysis: one because their structural scan showed a suspected brain abnormality, one because they repeatedly (≥ 4 occasions) failed a test to check they understood the instructions and one because comments to the experimenter revealed they suspected the Estimator was a confederate (final n = 55, 34 women and 21 men, mean age = 23.02; s.d. = 3.59). The study was approved by the UCL Psychology Ethics Committee. Written informed consent was obtained from all participants, and they were paid for participation.
Stimuli. Stimuli consisted of 30 pictures of transparent glass jars containing differing quantities of United Kingdom one-penny coins (range: 1,500 to 3,500). Each picture was presented twice in each block to participants in a randomized order, resulting in 60 trials per block.
Procedure. The task was inspired by a previous study 24 that examined self-serving dishonesty. At the start of the study, each participant met the experimenter and a confederate, who they were led to believe was a second participant. The participant was then assigned the role of an ' Advisor' . In this role they would view large, high resolution pictures of each jar for 3 s. They would then send advice (via what they were led to believe were connected computers) to the confederate, indicating how much money they thought was in each jar. The confederate was designated the role of the 'Estimator' . The participant was led to believe the following: the Estimator would view a smaller picture of the same jar for a shorter period of time (1 s) and would receive advice from the Advisor regarding how much they thought was in the jar. After receipt of this advice, the Estimator would then submit estimates of how much money was in each jar on behalf of both participants. At the end of the experiment, one trial would be selected at random and both parties would be paid according to how accurate the Estimator had been on that trial.
After these instructions, the Advisor and the Estimator were invited to undertake training in separate cubicles. Following training, the Advisor (participant) was privately informed that the range in the jar would always be between £15 and £35 and that the Estimator was not aware of this. They were also told that the Advisor and the Estimator would not always be paid according to how accurate the Estimator was (as they had earlier been told). However, the Estimator would always believe that both parties would be paid according to their accuracy.
On each trial a photo of a glass jar containing one penny coins was presented on screen for 3 s. Then participants were instructed to enter their advice of how much money was in the jar, to the nearest pound. Participants had up to 4 s to do so using a button box with five digits in each hand. If the participant failed to respond, that trial was excluded from analysis (mean trials with no response over the 4 blocks = 2.45, s.d. = 3.74). Next, the words "Estimator Submitting Estimate" appeared on screen for 2-4 s. Finally, a fixation cross appeared for 3.5-7.5 s (jittered). See Figure 1a .
Participants who completed the study outside the scanner followed the same task except that (i) the jar screen and response screen were combined; participants had up to 10 s to view the jar and enter their advice; (ii) a subset of these participants (n = 15) were asked immediately after the Self-serving-Other-harming condition to estimate by how much they lied on average during the block and on the last trial (Supplementary Fig. 3) . Note that an additional 15 participants were also asked by how much they lied during the session. However, we subsequently realized the question was underspecified, with some subjects entering the sum of their lies throughout the session, while others the average amount or the amount on the last trial. Thus we revised the question asking two specific questions instead, and only analyzed answers of the participants who received the revised version of the question. There was no differences in behavior between participants who completed the study outside the scanner (n = 30) and inside the scanner (n = 25) on either dishonesty escalation (Self-serving-Otherharming: t 53 = 0.79, P = 0.44; Self-serving-Other-serving: t 53 = 0.10, P = 0.93; Self-harming-Other-serving: t 53 = −0.71, P = 0.48, independent-sample t-tests) nor dishonesty magnitude (Self-serving-Other-harming: t 53 = −1.11, P = 0.27;
Self-serving-Other-serving: t 53 = −0.58, P = 0.56; Self-harming-Other-serving: t 53 = −1.40, P = 0.17, independent-sample t-tests).
The experiment was divided into four blocks consisting of 60 trials each. Before commencing each block, the new reward structure was explained (over an intercom system if the participant was in an MRI scanner). To ensure that the participant fully understood the new reward structure, participants were given different scenarios and required to calculate possible rewards given those scenarios. If participants had difficulty answering these questions, further instruction was provided. They were reminded that the Estimator always believes rewards are contingent on accuracy. and a comparison condition in which dishonesty benefitted the other participant without benefiting or hurting the self (Other-serving). There were two separate blocks for each condition, one in which dishonesty constituted overestimating the amount of money in the jar and another in which dishonesty constituted underestimating the amount of money in the jar. This was done so that the results could generalize to different instructions. Each of these conditions was run twice in two separate blocks (once with overestimation and another with underestimation benefiting the participant/partner).
Self-serving. The participant was instructed that he or she (the Advisor) would be rewarded according to how much the Estimator overestimated the amount in the jar (in the underestimated condition we simply exchanged the word 'over' for 'under'), while the Estimator would be rewarded the same amount regardless of their estimate. In this condition, dishonesty benefitted the participant (Advisor) only and did not impact the Estimator.
Other-serving. The participant was instructed that if a trial was selected from this block for payment, she or he (the Advisor) would be rewarded the same amount regardless of the Estimator's estimate. The Estimator, however, would be rewarded according to how much the Estimator overestimated the amount in the jar (in the underestimated condition we simply exchanged the word 'over' for 'under'). Thus for the participant, dishonesty benefitted the other party with no cost or benefit imposed on themselves.
Participants (experiment 2).
Thirty-five participants were tested at UCL on the task using the same behavioral procedure described above. In this study we employed a strict exclusion procedure; in addition to asking participants if they had any reservations regarding the Estimator (the procedure used for exclusion in Experiment 1), to which only three replied yes (and of these three, only two indicated that they suspected that the partner was not a real participant in a follow-up question). We also explicitly told participants at the end of the study that the Estimator was a confederate and asked them if they suspected as much before. Ten participants replied yes and thus were excluded from analysis (final n = 25, 18 women and 7 men; mean age = 20.76, s.d. = 1.90).
Behavioral analysis. Dishonesty scores. In each condition, dishonesty was estimated on a trial-by-trial basis by subtracting baseline condition advice for each specific jar from advice sent to the Estimator upon presentation of the same jar j (since each jar was presented twice the mean advice for each jar in the baseline condition was used). Thus for each trial
Dishonesty Advice for jar
Advice for jar in baseline condition = − j j
For blocks in Experiment 2 in which dishonesty involved sending low advice, dishonesty was calculated as the reverse, i.e., Dishonesty Advice for jar in baseline condition Advice for jar = − j j
This meant that higher numbers always indicate greater dishonesty in each block in each study.
Dishonesty escalation. We were interested in the temporal development of dishonesty. To investigate this, for each participant dishonesty was regressed on trial number in each condition and the resulting standardized regression coefficients were entered into an ANCOVA with condition (Self-serving-Other-harming, Self-serving-Other-serving, Self-harming-Other-serving), controlling for starting dishonesty and study (in scanner/outside scanner). To test whether escalation between two specific conditions was significantly different from each other, the same ANCOVA was carried out as above on two levels for the repeat factor. Simple effects were examined versus 0 in a linear model, controlling for starting dishonesty and whether the study took place inside/outside the scanner. In addition, we calculated mean dishonesty per trial number over all participants, resulting in 60 values per block, and correlated these values with their trial number . Correlations were compared against each other using Steiger's z-test.
Dishonesty magnitude. To examine dishonesty magnitude, dishonesty scores were averaged for each participant in each condition and entered into a three-way repeated-measures ANOVA, controlling for study. To test whether dishonesty magnitude between two specific conditions was significantly different from each other, the same ANOVA as above was conducted with those specific factors.
This was followed by one-sample t-tests. Starting dishonesty was examined in the same way (with starting dishonesty entered in place of dishonesty magnitude). To test for ceiling effects, one-sample t-tests were conducted for each condition for average dishonesty and dishonesty on the last trial against a test value of 64 (maximum advice participants could enter [£99] minus maximum amount of pennies that a jar could contain [£35]).
Accuracy in baseline condition. To examine how accurate participants were in the baseline condition, we calculated the absolute difference between participants' advice on each trial and the actual amount of money in the jar displayed (i.e., error). We also regressed error rate over the 60 trials on trial number for each participant and compared coefficients at the group level (Supplementary Fig. 4) .
Reaction time analysis. Mean reaction time was calculated for each participant for each condition and compared between conditions. In addition, we correlated reaction time with trial number for each participant for each condition and compared standardized coefficients at the group level to examine temporal changes in RT (Supplementary Fig. 5 ).
Image acquisition.
Scanning was performed at Birkbeck-UCL Centre for Neuroimaging, London, using a 1.5T Siemens Avanto scanner with a 32-channel Siemens head coil. To correct for inhomogeneity of the static magnetic field, we acquired field maps to be used in the unwarping stage of data preprocessing. Anatomical images were acquired using MPRage, which comprised 1-mm thick axial slices parallel to the AC-PC plane. Functional images were acquired as echo planar (EPI) T2*-weighted images. Time of repetition (TR) = 3.40 s, time of echo (TE) = 30 ms, flip angle (FA) = 90°, matrix = 64 × 64, field of view (FOV) = 192 mm, slice thickness = 2 mm. A total of 40 axial slices (−45° tilt) were sampled, in-plane resolution = 3 mm × 3 mm. Statistical Parametric Mapping (SPM8, Wellcome Trust Centre for Neuroimaging) was used for image analysis. After discarding the first five dummy volumes, images were realigned to the sixth volume and unwrapped using 7th degree B-spline interpolation. Movement plots were studied to ensure scan-to-scan translations greater than one-half of a voxel (1.5 mm) or rotations greater than 1° did not cause artifacts in the corresponding scans. Structural images were reregistered to mean EPI images and segmented into gray and white matter. These segmentation parameters were then used to normalize and bias-correct the functional images. Normalization was to a standard EPI template based on the Montreal Neurological Institute (MNI) reference brain using a nonlinear (7th degree B-spline) interpolation. Normalized images were smoothed using a Gaussian kernel of 8 mm full-width at half maximum. Low frequency artifacts were removed using a 1/128-Hz high-pass filter and temporal autocorrelation intrinsic to the fMRI time series was corrected using an AR(1) process. fmRI analysis: ROI. Our ROI was defined by generating a map in Neurosynth, a meta-analysis based on 11,406 studies, reflecting P(Emotion|Activation) thresholded at z = 5 using xjView. This map corresponded to the likelihood that the term 'emotion' was used in a study, given the presence of reported activation in a particular voxel 17 . The map reflected the relative selectivity with which voxels activate in relation to the term 'emotion' , using a comparison between all the studies in the database that contain the term 'emotion' and all those that do not (for method details see ref. 17 ). This ROI predominantly, but not exclusively, occupied the amygdala (Fig. 3a) . We also reran every analysis using a second ROI, which was a conjunction of the ROI above and the anatomically defined amygdala. The amygdala was defined using the SPM Anatomy Toolbox, which provides probabilistic cytoarchitectonic maps 44, 45 .
Time-weighted dishonesty. For each participant, a design matrix was created with event onsets time-locked to the temporal positions of jar presentation and presentation of estimator screen. Events were modeled as delta functions and convolved with a canonical hemodynamic response function to create regressors of interest. Six motion correction regressors estimated from the realignment procedure were entered as covariates of no interest. The onset regressor for jar presentation was modulated by three parametric regressors: (i) time, which was entered to indicate the number of trials left in the block, so 60 for the first trial, 59 for second trial, and so on down to 1 for the last trial; these numbers were all divided by 100 for normalization purposes; (ii) dishonesty on each trial (calculated as described in behavioral analysis section); and (iii) time-weighted dishonesty, calculated as the product of the two regressors above. Time-weighted dishonesty weights dishonesty based on how deep in the block participants are, such that a small amount of dishonesty early on in the block is equivalent to a greater amount later on in the block (and vice versa), all else held constant. In this model, time-weighted dishonesty is orthogonalized with respect to dishonesty and time; and dishonesty is orthogonalized with respect to time by the SPM8 software.
Average parameter estimates for time-weighted dishonesty for each participant were extracted for Self-serving-Other-harming and Self-harming-Other-serving conditions using Marsbar software. These conditions were compared against each other using paired-sample t-tests. One-sample t-tests against a test value of 0 were used to test the significance of specific conditions. whole-brain analyses. Whole-brain exploratory analysis was conducted for regions outside the ROIs (threshold P < 0.001, family wise error (FWE) P < 0.05, cluster size (K) > 5).
Prediction analysis.
For each participant, we created a design matrix in which each jar presentation (60 per condition) was modeled as a separate event (without parametric regressors attached to any of these events). Such a procedure has been used many times in the past (for example, refs. 46, 47) . Estimator onset was entered as an additional event. Events were modeled as delta functions and convolved with a canonical hemodynamic response function to create regressors of interest. Six motion correction regressors estimated from the realignment procedure were entered as covariates of no interest. We then used this model to extract the average BOLD signal on each trial in our ROI using the 'spm_summarise.m' function. BOLD signal on each trial as generated by this model was then divided by dishonesty on each trial to compute BOLD per unit of dishonesty for each subject and trial.
BOLD per unit dishonesty BOLD dishonesty
Trials that were missed or in which dishonesty was 0 were excluded as this division leads to infinity (mean number of excluded trials Self-serving-Other-harming: 1.24; Self-harming-Other-serving: 6.12).
We then calculated the reduction of this term on trial (t) relative to the previous trial (t −1): Hence positive numbers indicate a decrease in BOLD per unit dishonesty. Separately we calculated dishonesty escalation observed in participants' behavior, as the increase in dishonesty on the subsequent trial (t + 1) relative to trial t:
Dishonesty Escalation
Dishonesty Dishonesty
Hence positive numbers indicate an increase in dishonesty (i.e., dishonesty escalation). For each subject we then used BOLD signal reduction per unit dishonesty on trial t as a predictor of escalation of behavioral dishonesty on trial t + 1 in a general linear regression, where b 0 is the intercept and b 1 is the slope: This analysis is therefore independent from our parametric model above as it explores whether change in brain activity predicts dishonesty on the subsequent trial ( Fig. 4a) , whereas the parametric model is used to identify correlates of time-weighted dishonesty on the current trial. We ran the regression for each participant for the Self-serving-Other-harming condition and separately ran it for the condition in which dishonesty was Self-harming-Other-serving. The resulting standardized regression coefficients were compared against each other using paired-sample t-tests and followed up with one-sample t-tests against a test value of 0.
To check the robustness of the results, we repeated this analysis 1,000 times. On each occasion, fMRI data of each subject was used to predict dishonesty escalation of an alternate subject (randomly selected without replacement) for each of the 25 subjects in the sample. We then examined the number of occasions (in the 1,000 iterations) in which a set of betas was significant for either condition and conditions were significantly different from one another.
Post hoc RoIs. To examine whether the results observed could generalize to other regions involved in different aspects of deception, we ran the analysis described above in the nucleus accumbens (NA), anterior insula (AI) and dorsolateral prefrontal cortex (DLPFC; Supplementary Table 2 ). The NA was anatomically defined by creating two 8 mm spheres around MNI coordinates ±10, 8, −5 (as done previously 48 ) using the Marsbar region of interest toolbox for SPM (http://marsbar.sourceforge.net). These two spheres were then combined to create one ROI of bilateral NA. The DLPFC was anatomically defined using the WFU-Pickatlas 49 (Brodmann Areas 9 and 46). AI was anatomically defined according to the WFU-Pickatlas tool 49 by dividing the insula at its midpoint (y = 0), which approximately demarcates dysgranular and granular sectors (as done previously 50 ). As for NA above, we created a bilateral ROI of DLPFC and a bilateral ROI for the AI.
debriefing. After the experiment participants were given a debriefing questionnaire. First, they were asked what they thought the goal of the experiment was (Supplementary Table 1 ) Second, their thoughts regarding the Estimator were examined ( Supplementary Table 3 ). Finally, participants were asked to report the strategy they used in the conditions when dishonesty was self-serving. In Experiment 1, 0% of participants indicated that they attempted to gradually increase overestimations ( Supplementary Table 4 ). In Experiment 2, 12% of participants indicated gradual change in dishonesty as a strategy in the Selfserving condition and 4% in the Other-serving condition (all numbers were averaged over the 'overestimate' and 'underestimate' conditions). We then gave participants a closed question in which they picked one strategy from six different options, which included escalation as one of the options (options were: (i) underestimate/overestimate by a little, (ii) underestimate/overestimate by a lot, (iii) gradually increase underestimation /overestimation, (iv) gradually decrease underestimation/overestimation, (v) overestimate/underestimate, or (6) other or none of the above). 8% of subjects picked escalation as a strategy in the Selfserving condition and 4% in the other serving condition. For the Self-serving condition 20% picked the option of over/underestimate by a little and 64% picked over/underestimate by a lot; for Other-serving the numbers were 12% and 56%, respectively. Finally, we gave subjects the opportunity to pick as many strategies as they wanted from the six available; 44% picked the escalation option as one of their choices in the self-serving condition and 28% of participants did so in the other-serving condition.
Statistics.
A within-subject design was used. Thus, experimental group randomization or blinding was not applicable. We followed standard procedures in the field and statistical procedures in line with previously published studies. All Student's t-tests were two-tailed; F-tests in ANOVAs were one-tailed, as is standard for such comparisons. Data distribution was assumed to be normal, but this was not formally tested. Sample sizes were based on a behavioral pilot study we administered using this model. A Supplementary methods checklist is available. code availability. Custom Matlab scripts were used to relate neural adaptation to dishonesty escalation. These are available upon reasonable request.
